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ABSTRACT
The effects of inbreeding, heterosis, recombination
loss, and percentage Holstein on the estimation of pre-
dicted transmitting abilities for fertility traits (calving
interval, number of days from calving to ﬁrst insemina-
tion, nonreturn rate, number of inseminations) and cor-
related traits (milk yield at test nearest d 110 and body
condition score) were examined in a mixed population
of Holstein and Friesian cattle. An unfavorable effect of
percentage Holstein on calving interval was observed,
resulting in a 12-d increase for pureHolsteins compared
with pure Friesians. Insemination traits were less af-
fected by percentage Holstein, with 3% more animals
returning to ﬁrst service within 56 d and 0.1 more in-
seminations required for Holstein animals. Heterosis
and recombination loss affected some of the traits. Het-
erosis had a favorable effect on yield, with a 0.35-kg
difference between a pure and cross-bred animal for test
milk. There was a reduction of 1 d to ﬁrst insemination
between a pure and ﬁrst-crossbred animal. Inbreeding
had a signiﬁcant and unfavorable effect on all traits.
The difference between a noninbred animal and an ani-
mal with an inbreeding coefﬁcient of 10% was a 2.8-d
increase in calving interval, a 1.7-d increase in days to
ﬁrst insemination, a 1% increased probability to return
to estrus at ﬁrst service, 0.03 more inseminations, a
0.27-unit decrease in body condition, and a 0.54-kg de-
crease in milk on test nearest d 110. The effect of in-
breeding depression was more pronounced at higher
levels of inbreeding. The rank correlations between the
predicted transmitting abilities for fertility and corre-
lated traits, with and without the additional nonaddi-
tive effects in the model, were over 0.99. Steps should
be taken to control the rise in inbreeding, or the effects
on fertility and correlated traits such asmilk production
will begin to manifest themselves.
Received March 5, 2004.
Accepted August 27, 2004.
Corresponding author: E. Wall; e-mail: eileen.wall@sac.ac.uk.
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Abbreviation key: CI = calving interval, DFS = num-
ber of days from calving to ﬁrst insemination, F = in-
breeding coefﬁcient, F1 = ﬁrst cross breeding, INS =
number of inseminations per conception, MILK = daily
milk yield at d 110, NR56 = nonreturn rate after 56 d.
INTRODUCTION
Genetic evaluations often ignore nonadditive genetic
effects, such as dominance and epistasis, and their ex-
pression in the forms of heterosis and inbreeding de-
pression. In many cases, this is justiﬁed by the rela-
tively minor impact they make on the outcome of selec-
tion decisions. However, as breeding goals becomemore
complex in recognition of the need to maintain ﬁtness
as well as improve productivity, there may be a need to
review this position, particularly because nonadditive
effects are considered to have a greater impact upon
traits associated with ﬁtness, which are more likely to
exhibit dominance or epistasis than production-re-
lated traits.
Within a breed, the nonadditive genetic effects com-
monly expressed are associated with either inbreeding
or crossbreeding. Inbreeding arises from the mating of
related individuals and results in reduced heterozygos-
ity, and when there is dominance, this reduction in
heterozygosity is expected to lead to inbreeding depres-
sion. The management of inbreeding is becoming in-
creasingly important in domestic livestock populations
as genetic evaluation procedures, such as BLUP, are
more accurate in identifying elite bulls and, when used
in combination with truncation selection, increase the
rate of inbreeding, largely caused by a greater tendency
to select related animals. This increased potential for
inbreeding has been exacerbated by the use of reproduc-
tive technology, allowing an increase in the selection
intensity through the extensive worldwide use of semen
and increasing the reproductive rate of elite females.
The crossing of breeds increases the heterozygosity in
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the offspring, whereby crossbred progeny have a perfor-
mance advantage over the midparent mean for that
trait (Shull, 1914). Interbreeding the crosses or back-
crossing breaks up epistatic gene combinations present
in each breed but to different amounts in different
crosses (Dickerson, 1969). The impact of these phenom-
ena can be observed in heterosis and recombination
loss, respectively. Many countries, including the UK,
analyze Holstein and Friesian animals together. How-
ever, in the UK they are considered distinct breeds,
and, therefore, the heterosis and recombination loss
between the 2 breeds is accounted for in the genetic
evaluation of production (Brotherstone and Hill, 1994).
The consequences of inbreeding include inbreeding
depression, which is a reduction of themean phenotypic
value, particularly for traits connected with reproduc-
tion or ﬁtness (Falconer, 1989). Inbreeding depression
has been shown to decreasemilk production by approxi-
mately 9 to 26 kg of milk per lactation for each 1% of
inbreeding (Thompson et al., 2000a, b). Smith et al.
(1998) estimated an economic loss in relative net income
of approximately $22 to $25 (losses expressed in terms
of production index) for registered cows per 1% increase
in inbreeding over the lifetime of a cow. Very little data
exist for nonproduction related traits, such as fertility,
but it is expected that inbreeding depression could be
substantially greater for such ﬁtness-related traits
than for production traits. Studies that have considered
the effect of inbreeding on fertility and related traits
have found a nonsigniﬁcant or small effect (Smith et
al., 1998; Cassell et al., 2003).
Little work has been done to estimate inbreeding in
the UK dairy population. Roughsedge et al. (1999)
found the average inbreeding coefﬁcient of cows born
in 1997 to be 0.4% relative to a base population born in
1960. There has been a recentmove away from Friesian
genes to North American Holstein genes, with 76% of
the cow population in 1997 having North American
Holstein founder origins (Roughsedge et al., 1999). Al-
though inbreeding was low at 0.4%, it can be hypothe-
sized that the rate of inbreeding will follow that of the
US population but with a generation lag. Kearney et
al. (2004) showed that current levels of inbreeding in
the UK Holstein population were 2.6% for females and
3.1% for males relative to a base population born in
1940, using a more complete pedigree ﬁle than that
available to Roughsedge et al. (1999). Kearney et al.
(2004) showed that the mean level of inbreeding is cur-
rently rising at a rate of 0.17%/yr. The average inbreed-
ing coefﬁcient of the US Holstein population is now
approximately 5% with a current average annual in-
crease of 0.2% (AIPL, USDA, 2004).
TheUKdairy populationwas predominately Friesian
until the 1980s (Roughsedge et al., 1999; Kearney et
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al., 2004), but a large inﬂux of North AmericanHolstein
genes has occurred over the past 20 yr, resulting in
a steep increase in the proportion of Holstein in the
population. Therefore, historical data will include cows
of varying proportions of Friesian and Holstein. How-
ever, a small population of “pure” and distinct Friesians
still exist. Substantial crossing and upgrading has oc-
curred in the UK dairy population, which still retains
a reasonable spread of crosses. Estimates of heterosis
effects for dairy cattle performance vary across studies
and traits. For example, Ahlborn-Breier and Hohenbo-
ken (1991) described a heterotic effect of 6.1% for milk
yield and 7.2% for fat yield in a Holstein-Jersey cross.
Akbas et al. (1993) found a lower heterotic effect of 1.8
to 2.2% for 305-d milk, fat, and protein kg between
Holsteins and Friesians.
Studies suggest that poor fertility has become amajor
reason for involuntary culling of dairy cows in the UK
(Esslemont, 1993) and worldwide (Olori et al., 2002).
Research has recently led to the development of a fertil-
ity index for dairy cattle in the UK to counter this
decline (e.g., Wall et al., 2003). The index is based on
data from calving, insemination records,milk yield, and
BCS. Published fertility proofs in the UK are based on
calving interval and nonreturn rate after 56 d weighted
by their relative economic weights (independent of cull-
ing). The development of genetic analyses for fertility
has created an opportunity for evaluation of the possible
differential impact of nonadditive genetic variation for
fertility, a trait directly associated with ﬁtness, and
production traits.
The purpose of this study was to estimate the effects
of inbreeding, heterosis, recombination loss, and pro-
portion of Holstein genes on dairy cow fertility and
production and to examine their potential impact on
selection decisions in the UK dairy population by com-
paring the outcomes of genetic evaluations made with
and without these effects.
MATERIALS AND METHODS
A number of fertility traits were deﬁned using infor-
mation on inseminations and calvings from national
milk recording databases, including: a) calving interval
(CI), b) number of days from calving to ﬁrst insemina-
tion (DFS), c) number of inseminations that resulted
in a second calving (INS), d) a binary trait measuring
a return to service within 56 d of ﬁrst insemination
(NR56), e) milk yield in kilograms around d 110
(MILK), and f) BCS. Body condition score was recorded
during the ﬁrst lactation for animals participating in
the type classiﬁcation scheme operated by Holstein UK
and expressed on a scale of 1 to 9, where 1 represented
thin and 9 represented fat. This score was adjusted for
WALL ET AL378
Table 1. Mean, SD, range (minimum [Min] and maximum [Max]), and numbers of records in the analysis.
Mean SD Min Max no.
Calving interval, d 395.20 54.30 300 600 274,489
Days to ﬁrst service 86.03 31.34 1 200 358,326
Nonreturn rate, 0/1 0.69 0.46 0 1 357,507
Number of inseminations, count 1.65 0.99 1 10 258,271
Body condition score, 1 to 9 scale 4.44 1.67 −1.5 10.5 110,383
Milk at test nearest d 110, kg 23.87 5.93 5 60.0 408,847
Age, mo 28.90 4.10 18 40 408,847
Inbreeding, % 1.7 2 0 38 408,847
Recombination loss, units 17 11 0 50 408,847
Heterosis, % 36 27 0 100 408,847
Percentage Holstein 75 24 0 100 408,847
effect of the recording ofﬁcer by scaling the records to
make the standard deviations for each ﬁeld ofﬁcer equal
to the mean standard deviation of all ﬁeld ofﬁcers
(Jones et al., 1999). This scaling procedure resulted in
some scores being beyond the 1 to 9 range.
Production records for ﬁrst-lactation Holstein-
Friesian animals with at least 3 test days were taken
from 1992 until the end of 2002. Validation and editing
rules were applied to these data as described in Wall
et al. (2003). The pedigree of all cows in the data set
was extracted from the Holstein UK database. Animals
with ≥4 complete generations of pedigree information
were extracted, leaving 408,847 records. Only animals
with this degree of pedigree completeness were consid-
ered for this analysis because of the problems in esti-
mating accurate inbreeding coefﬁcients for animals
with incomplete pedigrees (Cassell et al., 2003).
Inbreeding coefﬁcients were calculated for all ani-
mals using the algorithm ofMeuwissen and Luo (1992).
Each animal was also assigned to an inbreeding class
of 0, 1, 2, ..., 10; 10 to 15; or 15; where the zero class
included non-inbred animals, class 1 animals had in-
breeding coefﬁcients >0% but ≤1%, and so on, with class
15 consisting of animals with inbreeding of ≥15% . Per-
centage Holstein was calculated for all animals in this
data set, based on the average percentage Holstein of
the parents. Additional assumptions on percentageHol-
stein based on the breed code or country of origin and
date of birth of a sire or dam were also applied. For
example, all registered US animals were considered
to be 100% Holstein, while the older UK bulls in the
pedigree were considered to be 100% Friesian. Hetero-
sis and recombination loss were calculated for all cows
as follows (Akbas et al., 1993):
heterosis = PS(1 − PD) + PD(1 − PS)
recombination loss = PD(1 − PD) + PS(1 − PS)
where PS and PD are the proportion of Holstein for the
sire and dam, respectively. Thus, (heterosis, recombina-
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tion loss) took values (1, 0), (0.5, 0.25), (0.25, 0.188),
(0.125, 0.109) for the ﬁrst cross (F1) and the subsequent
3 backcrosses to Holstein, respectively.
More than 67% of cows had information on CI, over
27% had BCS information, and 88% had at least one
insemination record; 63% had a record for INS. A total
of 11,354 sires were included, all with ≥3 daughters in
the data set that also represented 32,264 herd-year
seasons. Table 1 gives summary statistics for the
data set.
These data were analyzed with a sire model using an
exact solver in PEST (Groeneveld et al., 1990) instead of
an iterative procedure so that the standard errors for
each solution (ﬁxed effects, covariates, and breeding
values) would be produced. Bivariate analyses for
MILK paired with each of the other 5 traits (BCS, CI,
NR56, DFS, and INS) were carried out to account for
selection on yield in the analysis. The (co)variance be-
tween traits is presented in full in Wall et al. (2003).
Unknown ancestors were set to missing in the sire pedi-
gree ﬁle instead of being allocated to genetic groups
because of the potential confounding between percent-
age Holstein and these groups:
Pijk = μ + hysi + monthj + β1Xa + β2(Xa)2 + β3XF + β4X%
+ β5Xhet + β6Xrec + sirek + eijk
Tijk = μ + hysi + monthj + β1Xa + β2(Xa)2 + β7Xd_t +
β8(Xd_t)2 + β3XF + β4X% + β5Xhet + β6Xrec + sirek
+ eijk
Vijk = μ + hysci + monthj + β1Xa + β2(Xa)2 + β9Xd_c +
β10(Xd_c)2 + β1XF + β3XF + β4X% + β5Xhet + β6Xrec
+ sirek + eijk
where Pijk = an observation for CI, DFS, NR56, or INS;
Tijk = MILK; Vijk = BCS; hysi = ﬁxed effect of herd-by-
year-by-season of calving interaction i; hysci = ﬁxed
effect of herd-by-year-by-season of visit interaction i on
BCS; monthj = ﬁxed effect of the month of calving i; β1
to β10 = linear and quadratic regression coefﬁcients of
the dependent variable (P, T, or V) on age of animal at
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Figure 1. Distribution of inbreeding coefﬁcient (midpoints for last 2 classes), percentage Holstein, recombination loss, and heterosis.
calving (Xa), DIM at test (Xd_t), DIM at BCS measure-
ment visit (Xd_c), inbreeding coefﬁcient (XF), percent
Holstein (X%), heterosis (Xhet), and recombination loss
(Xrec) expressed as deviations from their mean; sirek =
the random genetic effect of sire k; and eijk = residual
random error term.
The signiﬁcance of each of the solutions for each of
the covariates was tested using a 2-way t-test. Fitting
inbreeding as a simple covariate in the model assumes
that the effect of inbreeding depression on a trait is
linear. The curvilinearity of inbreeding depression was
also tested by including inbreeding as a classiﬁcation
variable (inbreeding class, as deﬁned in Figure 1, added
as a ﬁxed effect in the previous models).
A covariate was added to the model for a given trait
if it was found to have a signiﬁcant effect after the
previously mentioned analyses. Separate BLUP analy-
ses were run with and without ﬁtting these additional
effects in the model. The effect of their inclusion was
estimated by the rank correlation between the 2
BLUP analyses.
RESULTS
Percentage Holstein
The mean percentage Holstein of cows with data was
75% (SD 24%; Table 1), with nearly 75% of the cows
Journal of Dairy Science Vol. 88, No. 1, 2005
born in 2000 being at least 86% Holstein (Figure 2).
Percentage Holstein had a statistically signiﬁcant im-
pact upon all traits, with percentage Holstein (or breed
substitution from 100% Friesian to 100%Holstein) pre-
dicted to increase the mean MILK by 13% but to de-
crease BCS by 43% (Table 2). Phenotypic values for all
fertility traits decreased as percentage Holstein in-
creased, with the effect ranging froma 3 to 7% reduction
Figure 2. Recent trends and interquartile ranges in inbreeding
(, ——) and percentage Holstein (, ) in cows in the data born
since 1990.
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of the mean (Table 2). Among the traits analyzed, the
impact of percentage Holstein was less dramatic on the
traits directly associated with fertility (CI, DFS, NR56,
and INS) than on BCS and MILK.
Heterosis
Average heterosis was 36% (SD 27%; Table 1), indi-
cating that the beneﬁts from heterosis in the current
population are approximately one-third of that seen in
an F1. Figure 1 shows that some crosses between pure
Holstein and pure Friesians were present in the data
(3%), resulting in 100% heterosis for these animals.
However, the UK is mainly an upgrading population
from Friesians to Holsteins, as the distribution is
skewed to the right (100% Holstein).
Heterosis was shown to have a small but statistically
signiﬁcant effect on MILK, CI, and DFS (Table 2). Het-
erosis had a favorable effect on yield, with an estimated
difference of 0.36 kg/d between an F1 and the average
of Friesian andHolstein. However, this quantity corres-
ponded to only 1.4% of the mean. Heterosis had a favor-
able effect on DFS and CI, reducing them by 1.1 and
1.6 d, respectively.
Recombination Loss
The mean recombination loss was 17% (SD 11%; Ta-
ble 1). The only statistically signiﬁcant effect of recom-
bination loss was upon MILK (Table 2), resulting in a
1.45-kg loss in milk on test nearest d 110. The loss
caused by recombination seen in MILK was larger, in
absolute terms, than the gain achieved from the favor-
able heterosis. The joint impact on the F1 and the subse-
quent 3 backcrosses to Holstein was 0.355, −0.186,
−0.185, and −0.112 kg, respectively, suggesting that
while the F1 was marginally better than expected from
the additive breed composition, the subsequent crosses
were marginally worse.
Inbreeding
Average inbreeding was 1.7% (SD 2.0%; Table 1),
with nearly 94% of animals having an inbreeding coef-
ﬁcient of <5% (Figure 1). Over 85% of cows in this data
setwere inbred to some degree relative to a base popula-
tion of 1940. However, a small number of cows in this
population had a high inbreeding coefﬁcient (F), up
to 38%.
Figure 2 shows the trend in average F and percent
Holstein by year of birth of the 408,847 cows in the
data set. A steady increase in F occurred over the period
shown, and the current rate of increase in inbreeding
of 0.2%/yr (based on linear regression) is equal to recent
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Table 3. Estimates of inbreeding depression (noninbred to 100%
inbred) in absolute terms (est.) and its SE. Decrease of trait per 10%
rise in inbreeding coefﬁcient is expressed as a percentage of the mean
(% mean) and as a percentage of the phenotypic standard deviation
(% SD).
Inbreeding depression
% %
Est. SE mean SD
Calving interval (d) 27.75 5.52*** 0.70 5.11
Days to ﬁrst service (d) 16.75 2.58*** 1.86 5.34
Nonreturn rate (0/1) −0.099 0.045* 1.44 2.13
Inseminations (no.) 0.270 0.115* 1.63 2.72
Body condition score (1 to 9 scale) −2.72 0.25*** 6.13 16.29
Milk at test nearest d 110 (kg) −5.39 0.35*** 2.26 9.10
***P < 0.001.
**P < 0.01.
*P < 0.05.
estimates in the current US population and in the com-
plete UK Holstein population (Kearney et al., 2004).
The average F of cows born in 2000 is 2.5% (Figure 2),
with nearly 98%of animals being inbred to some degree.
The most recent (born since 1995) sires represented in
this data set have a mean F of just under 3%, with a
similar rate of increase as seen in their daughters.
Table 3 shows that inbreeding had a signiﬁcant and
unfavorable effect on all traits. The difference between
a noninbred animal and an animal of F = 10% was a
2.8-d increase in CI, a 1.7-d increase in DFS, a 0.27-
unit decrease in BCS, and a 0.54-kg decrease in MILK.
This pattern of change is similar, but opposite, to the
predicted heterosis in the F1 between the Friesian and
Holstein. As for heterosis, the impacts of F on the traits
directly related to fertility were not clearly larger than
those on MILK and BCS.
Figure 3 shows the effect of inbreeding class on each
of the traits, which was generally more severe at ex-
treme levels of inbreeding (≥8%). The deviations of the
inbreeding class solutions from that estimated from
linear regressions were all within one standard error
up to the inbreeding class of 8%, suggesting that the
effect of inbreeding on a trait is linear up to this point.
The difference between animals in F class 0 (non-in-
bred) and F class 10 was +5 d in CI, +1 d in DFS, −0.6
in BCS, and −0.3 kg in MILK. These results were not
signiﬁcantly different from the result estimated from
the linear regression, with the exception of BCS. The
effect of inbreeding depression on all traits for animals
with inbreeding <3% was unfavorable but small, with
the effect of inbreeding being most pronounced for ani-
mals in higher inbreeding classes. For example, ani-
mals in the highest 3 inbreeding classes (inbreeding
>9%) had a CI that was approximately 6 d longer than
a non-inbred animal. Animals with inbreeding coefﬁ-
cients between 15 and 30% produced 1.16 kg less MILK
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compared with a noninbred animal, a 5% decline in
the phenotypic mean for that trait. Inbreeding had a
similar (and signiﬁcant) effect on DFS to that had on
CI, with highly inbred animals (≥15%) having 4.5 addi-
tional d to ﬁrst insemination compared with nonin-
bred animals.
Although not statistically signiﬁcant, Figure 3 shows
that the effect on MILK of the 0% inbreeding class was
actually lower than that of the next 3 classes (1 to
3%). Figure 3 shows that the majority of the effect of
inbreeding depression on BCS occurred at quite low
levels of inbreeding. The effect of inbreeding depression
on BCS for animals in inbreeding class 3 (F = 2 to 3%)
compared with noninbred animals was 0.37 units. This
result is nearly 50% of the effect of inbreeding depres-
sion for animals with F >15%. However, inbreeding
depression only causes a major effect at the higher in-
breeding classes (>6%) for the other traits in the analy-
sis. For example, inbreeding depression caused a 0.37-
d increase in CI for animals in inbreeding class 3, which
was only 6% of the effect of inbreeding depression for
animals with F >15%.
Wall et al. (2003) estimated the genetic decline in
fertility and associated traits. Over the period from
1980 to 2000, a 4.9-d increase in CI and 3.6-d increase
in DFS was observed. Distribution of inbreeding for
sires born in 1980, 1990, and 2000 was obtained from
the results of Kearney et al. (2004). Given these distri-
butions, the effect of inbreeding on each trait at the
3 time points was examined. Over the 20-yr period,
inbreeding depression accounted for a 0.6-d increase in
CI, 11% of the genetic decline observed in that trait,
while 8.3% of the genetic decline in DFS was attributed
to inbreeding depression.
Effect of Nonadditive Genetic Effects
on Breeding Value Estimation
Inbreeding was included as a covariate in the model
for each trait. Heterosis was added to the models for
MILK, CI, and DFS, while recombination loss was in-
cluded in themodel forMILKonly. The effect of inbreed-
ingwas ﬁtted as a covariate in themodel because of how
similar the inbreeding class solutions were to linear
regression solutions up to 8%. Percentage Holstein was
signiﬁcant for all traits. However, this effect is already
accounted for in the prediction of fertility indices by
ﬁtting genetic groups in the sire model with pedigree.
Using both of these effects would result in some con-
founding.
Including nonadditive effects in the model, on aver-
age, caused a very slight and unfavorable change in the
index and its components (Table 4). The mean value
for CI increases (0.16 d), andNR56 decreased. The stan-
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Figure 3. Effect of inbreeding class (plotted against the class midpoint) on calving interval (CI), days to ﬁrst service (DFS), nonreturn
rate (NR56), number of inseminations (INS), BCS, and milk at test d 110 (MILK). For NR56 and INS, unable to estimate a SE.
dard deviation of the PTA for each trait was slightly
larger with the inclusion of the nonadditive genetic ef-
fects in the model. However, there was little change in
overall rank of animals by ﬁtting these additional ef-
fects in the model. The rank correlations between the
Table 4. Changes in the mean and SD of the PTA when signiﬁcant nonadditive effects are included or not
included to the model of the trait. Rank correlation between PTA with or without nonadditive genetic effects
in the model (corr).
Nonadditive effects
Included Not included
Mean SD Mean SD Corr
Calving interval (d) 1.04 3.46 0.88 3.40 0.997
Days to ﬁrst service (d) 0.61 2.39 0.54 2.37 0.999
Nonreturn rate (0/1) −0.0068 0.0199 −0.0064 0.0197 0.999
Inseminations (no.) 0.010 0.041 0.009 0.041 0.997
Body condition score (1 to 9 scale) −0.12 0.33 −0.11 0.32 0.996
Milk at test nearest d 110 (kg) 0.45 1.47 0.45 1.48 0.999
Fertility index (£GBP) −1.39 3.70 −1.27 3.64 0.999
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trait PTA calculated with the nonadditive effects ﬁtted
in the model and trait PTA calculated without the non-
additive genetic effects ﬁtted in the model were consis-
tently >0.99. Although overall ranking of bulls re-
mained relatively unchanged, the change in position of
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some individual bulls was considerable. Some bulls (out
of 2000) dropped in ranking more than 90 positions,
and others moved up more than 60 places when ranked
on the fertility index.
For currently (October 2003) available bulls (ranked
on the national proﬁt index, £PLI) in the UK, the rank
correlation in the fertility index with or without nonad-
ditive genetic effects in the model was very close to
unity. None of the top 100 bulls dropped more than 4
places or rose more than 5 places with the inclusion of
nonadditive effects in the models.
DISCUSSION
Inbreeding depression was observed for all fertility
traits, but signiﬁcant heterosis between Friesian and
Holstein was observed only for CI and DFS. Themagni-
tude of the effect of inbreeding and heterosis in relation
to the mean or the phenotypic standard deviation was
smaller than for MILK and BCS, and when included
in the model used for genetic evaluation, this impact
on the ranking of bulls was negligible. At the current
levels of inbreeding, losses in production caused by in-
breeding depression were likely to have been offset by
genetic gain. Nevertheless, inbreeding can reduce per-
formance in traits not currently considered in selection
indices in the UK, such as fertility traits.
Miglior et al. (1995) found that 10% inbreeding
caused a 4% decrease in the phenotypic mean of total
lactation yield. This analysis found a smaller effect of
inbreeding depression on MILK, with a 2.3% decrease
in the phenotypic mean for each 10% rise in inbreeding.
Smith et al. (1998) found that inbreeding depression
increased CI by 2.6 d per 10% rise in inbreeding, similar
to the 2.8 d seen with this analysis. Cassell et al. (2003)
found a nonsigniﬁcant effect of inbreeding on days to
ﬁrst insemination. However, Hoeschele (1991) found
that each 10% rise in inbreeding caused a 1.3-d increase
in days open, much closer to the signiﬁcant 1-d increase
in days to ﬁrst insemination seen here. Weiner et al.
(1992) showed that conception at ﬁrst service in sheep
declined by 4.2%, with a 10% rise in inbreeding, com-
pared with the 0.6% increase in animals returning to
ﬁrst service observed in this study. In the current study,
the impact of inbreeding on BCS (6.1% of the mean for
a 10% rise in inbreeding), when expressed as a propor-
tion of the phenotypic standard deviation (16.3%), was
similar to results described by Falconer (1989) for BW
in pigs (15%), litter size in mice (23%), and milk yield
in cattle (17%).
The genetic trend in MILK from 1980 to 2000 was
2.7 kg in daily milk yield at d 110 (Wall et al., 2003).
Inbreeding seemed to have a slightly favorable effect
(nonsigniﬁcant) on MILK for animals in inbreeding
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classes 1 to 3, suggesting that inbreeding has improved
MILK by 0.015 kg in the past 20 yr. A similar trend
was seen for test day milk after d 70 in the American
Holstein population (Thompson et al., 2000a). Figure
2 shows how inbreeding increased with time, as has
genetic merit for production. Therefore, in the past 2
decades, cow inbreeding has increased as well as their
genetic merit, and this could be a reason for the esti-
mated favorable effect of low inbreeding onMILK.Mod-
eling all of the nonadditive and additive effects (and
trends) precisely may be difﬁcult, and this problem
could at least partially explain this apparent artifact
resulting in a favorable effect of low inbreeding on pro-
duction. However, if inbreeding in the UK continues to
rise in line with the US, more animals will be in the
higher inbreeding classes. Thus, in 10 yr (following cur-
rent trends), inbreeding will have a negative effect on
MILK, reducing it by 0.12 kg.
This study examined the effects of inbreeding in a
population with relatively low levels of inbreeding and
a historically low rate of inbreeding. Other studies have
shown that as animals move into these higher inbreed-
ing classes and the rate of inbreeding increases, the
effects on overall performance are much larger than
observed in this study. For example,Weiner et al. (1994)
showed an almost linear decline in overall proﬁtability
in sheep (£1.27) with each percentage rise in F in
rapid inbreeding.
Interestingly, the effects of Friesian genetics were
favorable for all traits (3 to 7% better fertility than for
the Holstein) except MILK, where the Holstein had a
13% beneﬁt over the Friesian. The effect of heterosis
MILK, CI, andDFSwas low (0.5 to 1.4%). Other studies
have found much higher effects of heterosis of the order
of 9 to 20% for fertility and productivity traits (e.g.,
McAllister et al., 1994) but generally in crosses of more
diverse breeds (e.g., Holstein × Ayrshire). The effect of
recombination loss was as expected for MILK, with the
favorable heterosis being lost because of recombination
and, therefore, breakdown of the epistatic effects be-
tween the genes with additional crossing. Brotherstone
and Hill (1994) saw a similar pattern attributable to
crossing for lactation yields for 5 lactations; for exam-
ple, heterosis resulted in a 100-kg increase of ﬁrst lacta-
tionmilk, with recombination resulting in a 156-kg loss.
Some studies have shown a negative effect of recombi-
nation on fertility traits (e.g., Koenen et al., 1994). Distl
et al. (1998) showed a favorable recombination effect
on days open, which agrees with our results.
To date, no countries include inbreeding in the ge-
netic evaluation model for production or ﬁtness traits
(INTERBULL, 2003). This may have to change if in-
breeding continues to rise in dairy populations and the
effects of inbreeding depression become more pro-
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nounced, but this may require a review of the presenta-
tion of breeding values. For example, if bull A has all
daughters with F = 12.5% and bull B has daughters
with F = 0%, accounting for inbreeding depression by
adjusting all individuals to a commonF (e.g., F = 0 or the
mean of the population) would improve the estimated
breeding value of bull A relative to B. However, this
may bemisleading if A ismore related to the population,
as the offspring of A will be expected to display greater
inbreeding depression than those of B. This presenta-
tional problem can be resolved by reference to the deﬁ-
nition of breeding value (Falconer, 1989) and, hence,
transmitting ability. Thus, the transmitting ability of
an individual is the difference between themean perfor-
mance of its offspring and the population mean, assum-
ing randommating. With this deﬁnition, it is clear that
an individual male’s PTA should be estimated at an F
equal to its coefﬁcient of coancestry with the population
of breeding females. Thus, for presentation, each indi-
vidual PTA is adjusted to a different value of F.
It is important that this adjustment for presenting
breeding values is not confused with the separate task
of managing genetic variation and the rate of inbreed-
ing in the population. Studies have examined the opti-
mization of contributions of selection candidates for
maximizing genetic gain at a given rate of inbreeding
in dairy cattle (Weigel and Lin, 2002; Kearney et al.,
2004). This would have the most effect when combined
with the selection of bulls and bull dams by breeding
companies, since this is a) the subpopulation that is
critical for managing the long-term gene ﬂow and b)
where the contributions of the bulls and dams of great-
est impact can be most easily managed. Such decisions
should be based upon the group coancestry of all breed-
ing males and females, including coancestry among the
breeding males and among the breeding females, and
not upon the inbreeding coefﬁcient of the offspring. This
cannot be achieved by individual breeders, as they have
little control over the total contributions of individual
animals to the population and can only be achieved by
the cooperation of worldwide breeding organizations.
Some help can be given to breeders to minimize the
impact of inbreeding depression in their herd. Breeding
companies can recommend matings that avoid related
individuals, which can be done by providing informa-
tion on the expected inbreeding of daughters.
The differences between Holsteins and Friesians in
the UK are accounted for in genetic evaluations of pro-
duction traits by dividing founders in the pedigree into
genetic groups and including heterosis and recombina-
tion loss coefﬁcients in the model of analysis. This ac-
counts for the beneﬁts and costs in crossing the 2 breeds,
as occurs frequently in the UK dairy population.
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Crossbreeding of dairy breeds is practiced by a small
proportion of dairy farmers in many countries across
the world to capture the beneﬁts of the heterosis in F1
populations and the epistatic interaction of genes of
purebred animals. Ideally, this practice should be part
of a population-wide controlled program of breeding,
maintaining both pure and crossbred populations.How-
ever, implementation of genetic evaluation procedures
that allow for the full exploitation of the advantages of
crossbreeding may prove difﬁcult, as it would require
the estimation of and accounting for relevant genetic
parameters of ﬁxed breed, heterosis, and recombination
effects for all crosses (Swan and Kinghorn, 1992). The
estimates of the effect of heterosis will be different de-
pending on the 2 purebreds in question. This study
showed a small heterotic advantage of a crossbred prog-
eny over that of the average of purebred Holsteins and
Friesians. Brotherstone (personal communication,
2004) also found small heterotic effects for the majority
of traits of interest and only found useful heterosis in
SCS for various crosses in the UK. The estimation of
each of the nonadditive effects between each potential
cross of breeds in a country is a large task but essential
to allow for the development of crossbreed and
multibreed evaluations.
The approach to the presentation of PTA accounting
for F (described earlier) could be extended to the other
forms of nonadditive variation discussed in this paper,
such as heterosis and recombination loss; however, the
advisability of this is more dependent on the breeding
system in which the multiple breeds are used. In a
population that is subject to breed substitution and
otherwise unmanaged interbreeding, it may be appro-
priate to consider presentation of breeding values ad-
justed to expected levels of heterosis or recombination
loss arising from random mating. However, where
crossbreeding systems are more tightly managed, this
practice would be less inappropriate, and more direct
predictions of crossbred performance would be more in-
formative.
CONCLUSIONS
Nonadditive effects of inbreeding, heterosis, recombi-
nation loss, and percentage Holstein were shown to
have a signiﬁcant effect on some or all of the traits used
in the UK Fertility Index. On closer examination, it
was shown that the effect of inbreedingwasmore severe
at higher levels of inbreeding than at lower levels. This
study provided little support for the hypothesis that
reproductive traits in dairy cattle were more strongly
inﬂuenced by nonadditive genetic variation than were
traits associated with milk production. It is the recom-
mendation of this study that inbreeding and other sig-
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niﬁcant nonadditive effects be accounted for in themod-
els of evaluation for fertility and production traits. How-
ever, it may not be possible to assign all animals an
accurate inbreeding coefﬁcient as a result of missing
pedigree, and the presentation of results may be difﬁ-
cult in practice. At current rates of inbreeding, a greater
proportion of animals will soon be in the higher inbreed-
ing classes, where the effect of inbreeding in the evalua-
tions will be more pronounced. Steps should be taken
to control this rise in inbreeding, or the effects on fertil-
ity and correlated traits such as milk production could
be detrimental.
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